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Abstract.  We present here a mathematical  model that 
accounts for the various proportions of plasma mem- 
brane constituents occurring in the lysosomal mem- 
brane of rat fibroblasts (Draye, J.-P.,  J.  Quintart,  P. J. 
Courtoy, and P. Baudhuin.  1987.  Eur.  J.  Biochem. 
170:  395-403;  Draye, J.-P.,  P. J.  Courtoy, J.  Quintart, 
and P. Baudhuin.  1987.  Eur.  J.  Biochem. 
170:405-411).  It is based on contents of plasma mem- 
brane markers in purified lysosomal preparations, 
evaluations of their half-life in lysosomes and mea- 
surements of areas of lysosomal and plasma mem- 
branes by morphometry.  In rat fibroblasts, structures 
labeled by a 2-h uptake of horseradish peroxidase fol- 
lowed by a  16-h chase (i.e.,  lysosomes) occupy 3 % of 
the cellular volume and their total membrane area cor- 
responds to 30%  of the pericellular membrane area. 
Based on the latter values, the model predicts the rate 
of inflow and outflow of plasma membrane constitu- 
ents into lysosomal membrane,  provided their rate of 
degradation  is known.  Of the bulk of polypeptides io- 
dinated at the cell surface, only 4 % reach the lyso- 
somes every hour, where the major part (,083%) is 
degraded with a half-life in lysosomes of ,,o0.8 h.  For 
specific plasma membrane constituents, this model can 
further account for differences in the association to the 
lysosomal membrane by variations in the rate either of 
lysosomal degradation,  of inflow along the pathway 
from the pericellular membrane to the lysosomes, or 
of lateral diffusion. 
T 
HE high endocytic activity of mammalian  cells results 
in a continuous internalization,  intracellular  flow, and 
recycling of the bulk of their pericellular surface (30). 
The major part of internalized  plasma membrane polypep- 
tides is recycled within  minutes  from a prelysosomal (en- 
dosomal) compartment without significant mixing with the 
membrane of secondary lysosomes (6).  In rat  fibroblasts, 
some plasma membrane constituents,  traced by antibodies, 
were shown to reach the lysosomal compartment and to be 
recycled back to the cell surface (27, 28). However, a recent 
study performed with a mouse macrophage cell line, demon- 
strated  that the transfer  of plasma membrane constituents 
into  lysosomes was limited  and selective (15). The mem- 
brane composition of purified  lysosomal preparations  has 
been analyzed and found to be clearly distinct from the bulk 
of plasma membrane (7, 20). Moreover,  several polyclonal 
(26) or monoclonal antibodies (8, 20, 21) have been isolated, 
which produce a prominent labeling of the lysosomal mem- 
brane, with little or no labeling of the pericellular surface, 
except at the ruffled border of osteoclasts (2). 
Since the recycling pathway of internalized  plasma mem- 
brane in mouse fibroblasts  may include the lysosomal com- 
partment (33),  we have quantified the pool of plasma mem- 
brane constituents  in lysosomes of rat fibroblasts,  analyzed 
the composition of the lysosomal membrane, and estimated 
its  turnover,  to  determine  the  proportion  of constituents 
which can escape degradation  and be recycled.  At equilib- 
rium, 4 % of plasma membrane polypeptides covalently la- 
beled by 1251 at the cell surface,  were found to be associated 
with the lysosomal membrane (13). In rat fibroblasts,  ,050% 
of 5'-nucleotidase  is intracellular  (36),  but its distribution 
among  the  different  intracellular  organelles  remains  un- 
known. We have found that the proportion of 5'-nucleotidase 
and of alkaline phosphodiesterase  I in the lysosomal mem- 
brane is strikingly  different (12). 
To account for such differences in composition, we present 
a model of membrane flow between the plasma membrane 
and lysosomes. This model is based on morphometrical data 
of the endocytic compartment of rat fibroblasts  and on the 
measured half-life of plasma membrane 125I-polypeptides. It 
takes into account three possible parameters for individual 
plasma membrane constituents:  the rate  of inflow into the 
prelysosomal vesicles,  the  rate  of exchange  (i.e.,  lateral 
diffusion  into  the  lysosomal membrane),  and  the  rate  of 
degradation.  Part of  this work has previously appeared under 
abstract form (11). 
The plasma membrane is defined here as the pericellular 
membrane  together  with  intracellular  membranes  whose 
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brane, since these two compartments are not resolved in this 
work. 
Materials and Methods 
Cell Culture 
Rat embryo fibroblasts were obtained and cultured as described by Tulkens 
et al. (32). Experiments were carried out with confluent cultures grown on 
35- or  150-mm plastic dishes in culture medium made of DME,  sup- 
plemented with 10 % newborn calf serum (lot n ° U802901;  Gibco Laborato- 
ries, Paisley, UK). 
lodination of CeU Surface Polypeptides 
Cell surface polypeptides were iodinated at 4°C by the lactoperoxidase pro- 
cedurc, as described by Hubbard and Cohn (16). Cells were rinsed 3 times 
with PBS, and incubated for 15 min in PBS containing glucose (5 raM), 
lactoperoxidase (5 mU/rnl), glucose oxidase (0.5-1.0 mU/ml), and Na[l~sI] 
(5-100 lxCi/ml).  Cells were then washed at 4°C, twice for 10 min with cul- 
ture medium supplemented with 10% of newborn calf serum, and finally 
four times with PBS. The cell-associated TCA-precipitable ~25I is hereafter 
defined as 125I-label. 
Cell Fractionation 
Fibroblasts were homogenized in 0.25 M sucrose containing 1 mM EDTA 
and 3 mM imidazole, pH 7, as described in reference 13. Postnuclear parti- 
cles were layered either on 32 ml linear sucrose (1.1-1.3 g/ml in density) 
or preformed linear Percoll gradients (15-65% vol/vol), and centrifuged in 
a rotor (model VTi50; Beckman Instruments, Inc., Palo Alto, CA) at 17  × 
106 g  rain for sucrose gradients, and at 1.8  ×  I(Y  i g min for Percoli gra- 
dients. 14 fractions were collected, weighed, and analyzed for density, pro- 
tein, radioactivity, and enzyme activities. 
Accumulation of  HRP into Lysosomes and 
DAB Shift Procedure 
Cells were incubated for 2 h in a medium containing 200 txg/ml 3H-HRP, 
extensively washed, and chased 16 h in HRP-free medium. Postnuclear par- 
ticles were first equilibrated on preformed linear Percoll gradients (15-65 % 
vol/vol) and preparations enriched in N-acetyl-13-glucosaminidase  were iso- 
lated between  1.10 and  1.13 g/ml in  density.  A  density  shift of HRP- 
containing structures was then induced by incubating those preparations 
in 2.8 mM 3,Y-diaminobenzidine tetrahydrochloride (DAB) ] with 6  mM 
H202, as previously described (9), followed again by equilibration in a lin- 
ear sucrose gradient (1.15-1.30  g/ml in density). 
Morphology 
For electron microscopy, fibroblasts were fixed by 2% glutaraidehyde in 0.1 
M Na cacodylate buffer,  pH 7.4, for 60 min at room temperature. Peroxi- 
dase cytochemistry was performed by the procedure of Graham and Kar- 
novsky (14). Cells were washed twice for 10 rain in 0.05 M Tris-HCl, pH 
6.0, preincubated for 15 min in the same buffer containing 2 mg/ml DAB. 
Reaction was started by the addition of H:,O2 (0.02%).  Cells were exten- 
sively rinsed 60 rain later in Tris-HCl buffer and postfixed for 1 h at 4°C 
in a 1% osmium tetroxide and 2% potassium ferrocyanide solution. A mul- 
tipurpose test grid similar to that described by Weibel et al. (34)  was used 
for the determination of volume fraction or membrane area. Stereological 
analysis was performed as described previously (25). 
Protein Determination and Enzymatic Assays 
Protein was measured according to Lowry et al. (22) using BSA as standard. 
In some experiments, cells were cultured for 24 h with 0.05-0.10 p.Ci/ml 
[t4C]ieucine,  and chased for 18 h. Those conditions led to the incorpora- 
tion of 1-2 nCi/mg cell protein. Activities of the following marker enzymes 
were determined using established procedures: 5'-nucleotidase (1), alka- 
1. Abbreviation used in this paper:  DAB, 3,3'-diaminobenzidine tetrahydro- 
chloride. 
line phosphodiesterase I,  galactosyltransferase (4),  cathepsin B  (3),  and 
N-acetyl-I]-glucosaminidase (19). 
Determination of  Radioactivity 
Incorporated t25I was determinated after the "dish-batch" method described 
by Hubbard and Cohn (16). Radioactivity was measured in a liquid scintilla- 
tion counter (LS 7500 DPM; Beckman Instruments, Inc.) after dissolution 
of the sample in Aqualuma cocktail (Lumac Systems, Basel, Switzerland). 
Reagents 
Horseradish peroxidase (type II), glucose oxidase, and DAB were obtained 
from Sigma Chemical  Co.  (St.  Louis,  MO).  Sodium boro[3H]hydride, 
[14C]formaldehyde, and sodium [l~I]  were purchased from the Radiochem- 
ical Centre (Amersham, UK). Percoll was obtained from Pharmacia Fine 
Chemicals (Uppsala,  Sweden). Lactoperoxidase was from Calbiochem- 
Behring Corp. (San Diego, CA). Other chemicals were purchased from E. 
Merck (Darmstadt, FRG) or Koch-Light (Colnbrook, UK). 
Mathematical Model 
On the basis of the scheme depicted in Fig 1, the following equations can 
be derived. The mass of a given constituent at the lysosomal membrane is 
the result of three factors. (a) The inflow can be represented as 
k,Qp,  (1) 
where k, is the fraction of plasma membrane transferred to the lysosomal 
membrane per unit time (h-~),  and Qp is the mass of the constituent asso- 
ciated with the plasma membrane. (b) The outflow, resulting from recycling 
to the plasma membrane and which is assumed to be equal to the inflow, 
equals 
-kBSpQe/S,,  (2) 
where Sp and St are the surface area of the plasma and the lysosomal mem- 
brane respectively (cm2),  and Qt is the mass of the constituent associated 
with the lysosomal membrane. (c) The loss, resulting from degradation in 
the lysosomes, equals 
-  kdQe,  (3) 
where kd is the first order degradation constant of the constituent in the 
lysosomes (h-I). 
Assuming that degradation is limited to lysosomes, kd of any membrane 
constituent is equal to k'd, the apparent degradation constant measured in 
whole cells, multiplied by [1  +  Qp/Qt]. 
Combining equations 1, 2, and 3, the rate of change per unit time of the 
mass of a given constituent associated with the iysosomal membrane is 
dQe/dt  =  k.Qp  -  [Sp/Stlk, Q,  -  kdQt.  (4) 
Defining Qto, as the total mass of the constituent associated with the 
cells at a given time and Q0 as the initial value of Qtot, and assuming first 
order degradation, we have 
Qtot =  Q0 e -k'd`.  (5) 
Combining with equation 4 yields 
dQe/dt  =  [kB-  k'd] Qoe -ed'-  [1  +  ~]kaQe,  (6) 
where "y stands for Sp/St,  the ratio between the area of plasma and lyso- 
somal membranes. 
Upon integration of equation 6, one obtains 
[ka  -  k'a]  le_ ed,_  e  t, + ,l,, ~  (7) 
Qe  =  Qo  [1  +  v]ka  -  k'd 
Replacing Q0 by its value in equation 5, the ratio (R) of the amount of 
the constituent associated with lysosomes divided by the amount associated 
with cells is 
R  =  Qt/Q~=  "[1  +  ~/]ka -  k'd  1 -  e-I<l*~)ka-edl'  .  (8) 
The ratio R can be measured, and its value at equilibrium, R~, can eas- 
ily be computed from equation 8.  It is equal to 
R,~  =  [1  -  k'dk~]/[1  +  ~, -  k'dk~].  (9) 
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Figure 1. Model of exchange and degradation of plasma membrane 
constituents  during  endocytosis.  Plasma  membrane  (defined  as 
the pericellular membrane together with intracellular membranes 
whose constituents  rapidly exchange with the pericellular mem- 
brane)  is  represented  as  open  bilayer;  lysosomal membrane  is 
shown as filled  bilayer.  Cell  surface constituents are internalized 
into vesicles, which either recycle back to the cell surface or fuse 
with the lysosomes. In this case, exchange of constituents between 
plasma and lysosomal membranes occurs by lateral diffusion (bro- 
ken lines). The rate of inflow of plasma membrane into lysosomes 
(/ca) is expressed as a fractional area of plasma membrane per unit 
time (h-I); kd is the degradation rate constant of a constituent in 
the lysosomes (h-I). De novo synthesis of membrane constituents 
is not taken into account in this representation. 
R~ is of course limited to positive values and hence k'd/k~ <1, since ~/is al- 
ways >0. 
This derivation assumes that fusion betwen incoming endocytic vesicles 
and lysosomes is followed by complete equilibration of membrane constitu- 
ents by lateral diffusion, which may not be necessarily the case. If the rate 
of exchange is reduced (i.e., if lateral diffusion is limiting), the surface area 
of lysosomes will behave as if it was smaller than its actual value. We will 
thus consider that y is reflecting the effective, rather than the physical, area 
available for exchange of constituents by lateral diffusion. 
For endogenous constituents (5'-nucleotidase and alkaline phosphodi- 
esterase I), we will restrict ourselves to values at equilibrium, and predict 
their kinetics of redistribution into the lysosomes, if they had been labeled 
at the cell surface by an as yet unavailable selective, nonperturbing, covalent 
procedure. In this case however, the model does not take into account newly 
synthesised constituents introduced either into plasma or lysosomal mem- 
branes. 
Results 
Fate 0f125I Polypeptides upon Incubation at 37°C 
Cell surface polypeptides of rat fibroblasts were first labeled 
at 4°C  with  t25I by the  lactoperoxidase  procedure  and  in- 
cubated at 37°C.  When  cells were homogenized  at various 
intervals after labeling and postnuclear particles were equil- 
ibrated in linear Percoll gradients,  most of the 125I-label re- 
mained closely associated with 5'-nucleotidase and alkaline 
phosphodiesterase I (13). A minor component of the ~25I-la- 
bel became increasingly  associated with the lysosomal en- 
zyme N-acetyl-I~-glucosaminidase.  The t25I-label redistrib- 
uted slowly to the lysosomes and approached equilibrium at 
4-6 h. Results are summarized in Fig. 2. As can be seen, at 




Figure 2.  Intracellular processing of ~2SI-label. Cells were iodi- 
nated, washed, and incubated at 37°C for the indicated times before 
homogenization. Postnuclear particle fractions were prepared and 
layered on top of preformed Percoll gradients (15-65 % vol/vol). 
The minor component of the  ~25I-label that became increasingly 
associated with the lysosomal N-acetyl-l~-glucosaminidase distri- 
bution was estimated from the fractions equilibrating between 1.10 
and 1.13 g/ml. These fractions correspond to the lysosomal prepa- 
rations characterized in references 12 and 13. The 12~I content was 
corrected for contamination by the pericellular membrane by sub- 
stracting the amount present in the fractions isolated immediately 
after cell labeling (0.65 % of the label in the homogenate). The ratio 
between the  125I and N-acetyl-I~-glucosaminidase contents in the 
lysosomal preparations, both expressed as percent of the homoge- 
hate, was taken as a measure of the amount of plasma membrane 
constituents  associated with lysosomes. Curves obtained from equa- 
tion 8 are fitted with the experimental results, using the measured 
apparent degradation rate k'd =  0.0346  h -1, the rounded measured 
ratio of the plasma membrane to the lysosomal membrane (7 =  4), 
and three different values for k~, the rate of inflow. 
Association of  Plasma Membrane 
Markers with Lysosomes 
To study the association with the lysosomal membrane of 5'- 
nucleotidase and alkaline phosphodiesterase I, two classical 
plasma membrane markers, postnuclear particles were first 
equilibrated in linear preformed Percoll gradients.  Prepara- 
tions enriched  28-fold  in N-acetyl-13-glucosaminidase,  and 
containing more than 50 % of the total cell activity of N-ace- 
tyl-f~-glucosaminidase,  were obtained  at densities  between 
1.10 and 1.13 g/ml. Some of these preparations were further 
incubated  in  2.8  mM  DAB,  with  or  without  H202,  and 
equilibrated again in a linear sucrose gradient. The shifted ma- 
terial  was  enriched  33-fold  in  N-acetyl-13-glucosaminidase 
(35--40% of the cell activity). Comparing all lysosomal prep- 
arations  (Fig.  3),  a  linear correlation  appears between the 
amount  of N-acetyl-13-glucosaminidase  and  that  of either 
5'-nucleotidase or alkaline phosphodiesterase I. It should be 
noted that the values before and after the DAB-induced den- 
sity  shift are not  appreciably  different,  indicating  that the 
cytochemical reaction caused no significant enzyme inacti- 
vation. This analysis indicates that ~1.5 % of 5'-nucleotidase, 
but as much as  16%  of alkaline phosphodiesterase I  of the 
homogenate are associated with the lysosomes.  The major 
part (65-75 %) of the plasma membrane markers present in 
the lysosomal preparations  isolated after the linear Percoll 
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Figure  3.  Relation  between 
°  plasma  membrane  markers 
[]  and lysosomes. In the purified 
•  preparations, the amounts of 
5'-nucleotidase  and  alkaline 
phosphodiesterase I were plot- 
ted as a function of N-acetyl- 
p-glucosaminidase  content. 
All  values  are  expressed  as 
percent  of the  homogenate. 
Values obtained before and af- 
ter the DAB-induced density 
shift  are  identified by  open 
and filled symbols, respectively. The amount of t25I incorporated 
at cell surface by the lactoperoxidase procedure and found at equi- 
librium in the lysosomal compartment at steady-state (>6 h of cell 
incubation at 370C after labeling), is also indicated for comparison. 
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gradients could be sedimented at 3  x  106 g  min after five 
freezing-thawing  cycles  in  hypotonic medium,  indicating 
their association with the lysosomal membrane (12). 
Morphometry of  Endocytosis 
Two experimental protocols (16 h continuous uptake, or 2 h 
pulse followed by 16 h chase) were designed to label either 
endocytic structures together with lysosomes, or lysosomes 
only. In both experiments, the area of the pericellular mem- 
brane was  also  estimated  (Table I).  When cells were in- 
cubated 16 h without chase, lysosomes and endosomes oc- 
cupied together 4.3 % of  the cellular volume and were limited 
by a  membrane whose area corresponded to 44 %  of the 
pericellular membrane area. Lysosomes accounted for 3.3 % 
of the cellular volume, and their membrane area correspond- 
ed to 30% of the pericellular membrane. 
Application of  the Model to lodinated 
Cell Surface Polypeptides 
As previously reported (13), when cell surface polypeptides 
of rat fibroblasts were first labeled at 4°C with t25I by the 
lactoperoxidase procedure and incubated at 370C, cell-asso- 
ciated  radioactivity  disappeared  with  diphasic  kinetics. 
About 35 % of the label was lost with a half-life of <I h and 
the remaining 65 % with a half-life of 20 h. Diphasic kinetics 
were also reported for the polypeptides iodinated at the sur- 
face of L cells (17), and at the lysosomal membrane of  mouse 
peritoneal  macrophages  exposed  to  latex-lactoperoxidase 
(24). The rapidly released component corresponds mostly to 
"IV.A-precipitable material, and may include constituents of 
dead cells as well as extrinsic membrane proteins shed from 
the pericellular surface. The slow component was used for 
the determination of the rate of degradation of plasma mem- 
brane polypeptides. For the average plasma membrane con- 
stituents, the apparent rate of degradation (k'a; i.e., by refer- 
ence to the total cell pool) was rather slow.  The measured 
half-life of cell surface labeled 12~I polypeptides in fibro- 
blasts being close to 20 h, k'd is thus 0.0346 h-L 
For the  evaluation of the  ratio between the amount of 
markers in lysosomes with respect to the whole cell content 
(equation 8), we need estimates of 2 other parameters y and 
ka. The y value, i.e., the surface ratio of the plasma mem- 
brane (cell surface +  endosomal surface) to the lysosomal 
membrane, was determined from morphometrical data (see 
Table I) as [100 +  14]/30 =  3.8, hereafter rounded to 4. The 
last parameter, k,,  was thus evaluated by computer fitting. 
As was shown in Fig. 2, a good fit is obtained at ka equal to 
0.0415  h -m.  This implies that 4.15%  of the plasma  mem- 
brane iodinated polypeptides reached the lysosomal com- 
partment per hour. The fit is sensitive to small changes in the 
value of k, and constraints are rather stringent,  indicating 
that reasonable confidence can be attributed to the estimate. 
With this value, the model would further predict that, once 
in lysosomes, the  125I polypeptides were degraded with a 
half-life of "~0.8 h (ka). As can be expected, the actual rate 
of degradation in the lysosomes is thus considerably higher 
than the apparent rate of degradation at the level of the cell. 
Dividing k'd by ka, one may calculate that ~83% of the J2~I 
polypeptides reaching the lysosomal compartment are de- 
graded.  We  conclude that the  remainder is  recycled. Of 
course, we cannot exclude that a part of the ~25I-label is as- 
sociated to nonlysosomal structures or lysosomal-like struc- 
tures equilibrating between 1.10 and 1.13 g/ml in Percoll gra- 
dient, and that the low recycling may partially originate from 
them.  In the model, despite the high degree of lysosomal 
degradation of  iodinated plasma membrane polypeptides, we 
have also assumed that the outflow equals the inflow. 
Discussion 
Recycling via Lysosomal  Membrane 
The estimated value for/ca ('~4% of the plasma membrane 
Table L Morphometry of Endocytosis 
Fractional volume  Membrane area 
(percent of cellular volume)  per unit volume 
~m-~ 
Experiment I 
Structures labeled  after  16 h  uptake 
Pericellular membrane 
Experiment II 
Lysosomes: (2 h uptake, 16-h chase) 
Pericellular membrane 
4.26  -t- 0.01  0.53  +  0.05 
-  1.20  +  0.17 
3.30  +  0.06  0.47  +  0.11 
-  1.57  +  0.27 
Rat fibroblasts were incubated in the presence of i  mg/ml horseradish peroxidase at 37°C using two distinct protocols. Firstly, cells were continuously exposed 
to horseradish peroxidase for 16 h, washed, and fixed.  Horseradish peroxidase-containing structures were demonstrat~ by cytocbemistry. Secondly, cells were 
exposed to horseradish peroxidase for 2 h and chased for 16 h, before fixation and cytochemistry. This second protocol labels bona fide lysosomes (12).  The total 
section areas analyzed  were 251  lain  2 or 435  lam  2,  in experiments I and II, respectively.  Values are given  +  SEM. 
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than  the  rate  of internalization  of the  pericellular  mem- 
brane. Stereological studies from the literature indicate that 
fibroblast-derived ceils, such as L ceils, internalize their cell 
surface roughly every 2  h  (29).  This comparison strongly 
suggests that the major recycling route (>90 %) of the peri- 
cellular membrane does not involve a true lysosomal stop- 
over (see also references 5 and 6). The model presented here  ='~ 
leads us to the conclusion that once plasma membrane con-  ~'~ 
stituents have been transferred to the lysosomal membrane 
or to the membrane of endocytic structures equilibrating at 
the  same density  as  lysosomes,  ~83%  are degraded,  the 
rest being recycled back to the cell surface either from lyso- 
somes or from endocytic structures having identical equili-  ~ 
bration densities in Percoll gradients,  z 
a~ 
Contribution of the Bulk of  Plasma Membrane 
Constituents to the Lysosomal Membrane 
During  incubation  at  37°C,  the  125I-label is progressively 
delivered to the lysosomal compartment. After 25 h of incu- 
bation,  i.e.,  at  steady  state,  only  ~4%  of cell-associated 
'25I-label  is recovered in lysosomes (R~q; see also reference 
13).  This low fraction of the bulk of plasma membrane con- 
stituents is comparable with the low value (<5 %) obtained 
in  rat  fibroblasts  using  antiplasma  membrane  antibodies 
(28).  It is also very similar to the small size (2.5%) of the 
slowly exchangeable pool of internalized membrane glyco- 
conjugates (6) and of the fraction recovered in the lysosomal 
compartment of p338Dl  macrophages  (15).  These  values 
are in contrast with the ratio of the lysosomal to the plasma 
membrane surfaces (our measured ratio is 0.3 in cultured rat 
fibroblasts). 
Application to Classical Plasma Membrane Markers 
We have shown that '~1.5% of 5'-nucleotidase and '~16% of 
alkaline  phosphodiesterase  I  are  associated  with  purified 
lysosomes. The occurrence of enzyme activities considered 
as  markers  for  other  organelles  in  our  highly  purified 
lysosomal preparations can be interpreted either as contami- 
nation by these organelles, or as constituents truly associated 
with lysosomes. Evidences for true association have been 
discussed in detail elsewhere (12) and it is reasonable to as- 
sume that these membrane constituents indicate continuity 
or  exchange  within  a  physiological  route.  For  these  two 
membrane proteins, we have thus the ratio at equilibrium be- 
tween the lysosomal membrane and the plasma membrane 
(R~). 
Although the model was initially derived to follow the fate 
ofiodinated cell surface proteins, whose kinetics of exchange 
with the lysosomai membrane could be followed, it can also 
he applied to endogenous plasma membrane markers, whose 
R~q can be measured.  For the inflow of membrane (k~), it 
appears reasonable to assume the same rate as that deduced 
for iodinated proteins. It was further assumed that the lateral 
diffusion was also nonlimiting for the markers used, hence 
T was taken as equal to 4. In a first hypothesis, differences 
in 5'-nucleotidase and alkaline phosphodiesterase I content 
were thus accounted for solely by adjusting the degradation 
constant kd. This is shown in Fig. 4 A and is referred to in 
Table II as the differential degradation hypothesis. 
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Figure 4.  Effect of degrada- 
tion,  lateral  diffusion,  and 
inflow on the predicted redis- 
tribution of plasma membrane 
markers into lysosomes. This 
figure compares the predicted 
redistribution  of  125I-labeled 
plasma membrane polypeptides 
or that of selected plasma mem- 
brane  markers  if  they  had 
been labeled  at the  cell  sur- 
face. A shows the effect of the 
degradation rate (/gd). Curves 
are obtained from equation 8 
using k~  =  0.0415 h  -i  and T 
= 4, as in Fig. 2. The value of 
/gd was changed for each con- 
stituent,  to fit  the  measured 
values of/Lq. The curve cor- 
responding to k'd =  0 h  -t (no 
degradation) is also given for 
comparison.  B  shows the 
effect of the available surface 
of exchange  ('D.  Curves  are 
obtained from equation 8, set 
at ka =  0.0415 h  -1 and k'd = 
0.0346 h  -l, T being the adjusted parameter. An increase of ? from 
four to ten decreases the predicted  contribution  of plasma mem- 
brane constituents close to that  calculated  for 5'-nucleotidase.  C 
shows the effect of selective inclusion or exclusion along the endo- 
cytic pathway on the redistribution  of plasma membrane markers 
into the lysosomes (ka). Curves are obtained from equation 8, set 
at k'd =  0.0346 h -1 and T =  4, ka obtained for 125I (0.0415 h -l) be- 
ing now readjusted to fit the results obtained for the other plasma 
membrane markers.  Increase of k, by a factor of 3.53 brings the 
predicted contribution of the plasma membrane constituent to lyso- 
somes close to that calculated for alkaline phosphodiesterase I. A 
minor reduction of ka (x0.89)  decreases the predicted contribution 
close to that calculated for 5'-nucleotidase. 
proposed, if our results can be explained by adjusting the 
value of T, the area available for exchange during membrane 
continuity between endocytic vesicles and lysosomes, and 
assuming for the marker enzymes the same degradation con- 
stant as determined for iodinated polypeptides. In this sec- 
ond hypothesis, despite rapid transfer of soluble content, the 
membrane proteins of the donor and the recipient organelles 
would not readily mix by lateral diffusion due to a limiting 
fusion-fission interval. The effect of this factor is presented 
in Fig. 4 B.  Since the ratio between the area of the plasma 
membrane and that of lysosomes is 4, ? set at this value im- 
plies that lateral diffusion is not limiting. Fig. 4 B also shows 
that significant variations of ? have only a moderate effect on 
the predicted redistribution of 1251 polypeptides. Hence, our 
mathematical model offers only rough estimates of the effect 
of differences in the diffusion of individual membrane con- 
stituents. For alkaline phosphodiesterase I, the value of ?  = 
1.0, predicted for a k'd/ka ratio equal to that of 1251 polypep- 
tides, can hardly be reconciled with the value deduced from 
our morphometrical results. 
Finally, selective inclusion or exclusion at any of the vesic- 
ular intermediate between the plasma membrane and lyso- 
somes, i.e., differential inflow, can also be accounted for in 
our model, by adjusting the value of ka for the plateau level 
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Hypotheses 
Differential degradation  Differential diffusion  Differential inflow 
Markers  k'd  "t  k0 
h~l 
I~I Polypeptides  0.0346  4.0 
(P~q = 0.039) 
5'-Nucleotidase  0.0389  10.6 
(R~ = 0.015) 
Alkaline phosphodiesterase I  0.0098  1.0 





For plasma membrane markers,  the three parameters  in equation 8 were considered.  In each hypothesis,  two parameters  were set to values obtained with 12~1 
polypeptides, and the third one was estimated. 
measured for the two marker enzymes, and keeping the other 
parameters constant (Fig. 4 C). The selectivity of the inter- 
nalization route towards lysosomes can be characterized by 
the ratio of the k, value for each of the 2 markers with re- 
spect to that of t25I polypeptides. In this third hypothesis, 
variations of the inflow rate are  inversely proportional to 
those proposed  for the degradation constant.  At plateau, 
these 2 parameters are indeed found in equation 9 as the ratio 
Igdk,. However,  k, and k'd have distinct effects on the inter- 
val required to achieve equilibrium (see also Table 1I). 
It is not possible to propose a rational choice in favor of 
one of  the three possibilities offered, and simultaneous varia- 
tions of all parameters can of course not be excluded. For 5'- 
nucleotidase, available evidences suggest that the enzyme is 
largely excluded from coated pits on some cell types (23). 
Furthermore, recent data with a s0lective perturbant strongly 
suggest that in rat fibroblasts, 5"nucleotidase is internalized 
by an alternative noncoated pathway, with much slower re- 
cycling kinetics  (18). Since  ligands  internalized  through 
coated or noncoated cell surface are subsequently mixed in 
a common intracellular organdie and similarly directed to- 
wards lysosomes (31), this would imply that the rate of inter- 
nalization of 5'-nucleotidase is significantly  decreased. How- 
ever, doubling the value of y or increasing k'd by "~10% also 
yields a good fit with the experimental data. For alkaline 
phosphodiesterase I,  the  value of ),  =  1.0, predicted for 
k'd/k~ ratio equal to that of ~25I polypeptides, being too low 
to be reconciled with the value deduced from morphometri- 
cal results, a difference of l~d/k~ remains as the only possi- 
bility offered by the model. Compared to t~I polypeptides, 
the observed proportion of alkaline phosphodiesterase I in 
lysosomes can thus be explained either by a 3.5-fold increase 
of its half-life (70 h), or a preferential inflow of the same 
extent. 
In the degradation hypothesis (Table  III),  the apparent 
half-lives of plasma membrane proteins range between 17.8 
and 70.2 h, which correspond to actual half-lifes in lyso- 
somes between 0.27 and 11.2 h. Fig. 4 A shows the prediction 
of P~ obtained at various k'd values, using the k, and ~, values 
established for t2sI polypeptides. The behavior of alkaline 
phosphodiesterase I is close to that of the theoretical limit 
represented by a nondegradable plasma membrane constitu- 
ent (T/2 "-~ oo), while 5'-nucleotidase is close to the other ex- 
treme. In preliminary experiments, we have exposed mouse 
peritoneal macrophages to latex particles to accelerate trans- 
fer of plasma membrane into lysosomes (35),  and observed 
that the decay of alkaline phosphodiesterase I was two- to 
threefold slower than for 5'-nucleotidase (10). Provided that 
representative  samples  of the pericellular membrane are 
dragged into lysosomes by their adherence to latex beads, 
this observation favors  the hypothesis that alkaline phos- 
phodiesterase I activity is much more resistant to proteolysis 
than 5'-nucleotidase. For major plasma membrane polypep- 
tides labeled with t2~I, however, we found that the degrada- 
tion was similar for all iodinated species (13). 
The model suggests further experiments, to assess the ef- 
fect of controlled alterations on the various parameters. For 
kd, we will follow the effects of leupeptin, an inhibitor of 
lysosomal degradation. For ka, we plan to take the advan- 
tage of  the selective redistribution of epidermal growth factor 
Table III.  Degradation  of Plasma Membrane  Constituents  (Differential Degradation  Hypothesis) 
QplQt 
Markers  (Steady-state)  k'd  T/2  /q  T/2 
h -I  h  h -I  h 
12~I Polypeptides  24.64  0.0346  20.00  0.889  0.78 
5"Nucleotidase 
(R~  =  0.015)  65.67  0.0389  17.79  2.598  0.27 
Alkaline phosphodiesterase I 
(1~  =  0.160)  5.25  0.0098  70.16  0.062  11.22 
The apparent half-life of plasma membrane constituents was determined from equation 8, with k., set at 0.0415 h  -1. The actual half-life in lysosomes was calculat- 
ed from/q which is equal to ked,  the apparent degradation constant measured on whole cells,  multiplied by [1  +  QolQf]. The QolQt ratio was calculated from 
the amount associated at steady-state with the plasma membrane (Qp) and the lysosomal membrane (QD. Values for 5'-nucleotidase have also been calculated un- 
der the same assumptions,  although there is experimental evidence for a lower k, value. 
The Journal of Cell Biology, Volume  107, 1988  2114 receptors  into endosomes and lysosomes by phorbol esters 
and epidermal growth factor,  respectively,  and to quantify 
the immunoprecipitable receptor in the homogenate and puri- 
fied lysosomal preparations.  Differences that could not be 
accounted for by the two first parameters will tentatively be 
attributed to variations of ~. 
The excellent technical help of E  N'Kuli-Pyrrhon, N.  Delflasse, and M. 
Leruth-Deridder is gratefully acknowledged. 
This work was made possible through grants of the Belgian Fonds de la 
Recherche Fondamentale Collective (2.4549.84) and Fonds de la Recherche 
Scientifique M~iicale (3.4570.84), as well as by 'Actions de Recherche Con- 
cert~e des Services de Programation de la Politique Scicntifique" (82/87- 
39), which currently support J.-P. Draye. P. J. Courtoy is a Research Associ- 
ate of the Belgian Research Council. 
Received for publication 7 June 1988,  and in revised form 2 August 1988. 
RefereBce$ 
1. Avruch, J., and D. F. H. Wallach. 1971.  Preparation and properties of 
plasma membrane  and endoplasmic reticulum fragments  from isolated rat 
fat cells. Biochim.  Biophys.  Acta.  233:334-347. 
2. Baron, R., L. Neff, D. Louvard, and P. J. Courtoy. 1985.  Cell-mediated 
extracellular acdification  and bone resorption: evidence for low pH in 
resorbing lacunae and localization  of a 100-kD lysosomal membrane pro- 
tein at the osteoclast ruffled border. J.  Cell Biol.  101:2210-2222. 
3. Barrett, R. J.  1976.  An improved color reagent for use in Barrett's assay 
of cathepsin B. Anal.  Biochem.  76:374-376. 
4. Beaufay, H., A. Amar-eostesec, E.  Feytmans, D. Thin~s-scmpoux, M. 
Wibo, M. Robbi, and J. Berthet. 1974. Analytical study of microsomes 
and  isolated  subcellular  membranes from  rat  liver.  I.  Biochemical 
methods. J.  Cell Biol.  61:188-199. 
5. Besterman, J. M., J. A. Airhart, R.C. Woodworth, and R. B. Low. 1981. 
Exocytosis of pinocytosed fluid  in cultured cells: kinetic evidence for 
rapid turnover and compartmentadon. J.  Cell Biol.  91:716-727. 
6. Burgert, H. G., and L. Thilo. 1983. Internalization and recycling of plasma 
membrane glycoconjugates during pinocytosis in the macrophage cell 
line, p338Dt. Exp.  Cell Res.  144:127-142. 
7. Burnside, J., and D. L. Schneider. 1982. Characterization of the membrane 
proteins of rat liver lysosomes: composition, enzyme activities and turn- 
over. Biochem.  J. 204:525-534. 
8. Cben, J. W., M. C. Murphy, M. C. Willingham, I. Pastan, and J. T. Au- 
gust. 1985. Identification  of two lysosomal membrane glycoproteins. J. 
Cell Biol.  101:85-95. 
9. Courtoy, P. J., J. Quintart, and P. Baudhuin. 1984.  Shift of equilibrium 
density induced by 3,3'-diaminobenzidine cytochemistry: a new proce- 
dure for the analysis and purification of pernxidase containing organelles. 
J.  Cell Biol.  98:870-876. 
10. Draye, J.-P., P. J. Courtoy, and P. Baudhuin. 1987. A model for differen- 
tial contribution of plasma membrane constituents  to the lysosomal mem- 
brane. Arch.  Int.  Physiol.  Biochim.  95:B140. 
11. Deleted in proof. 
12. Draye, J.-P., P. J. Courtoy, J. Quintart, and P. Baudhuin. 1987. Relations 
between plasma membrane and lysosomal membrane: 2.  Quantitative 
evaluation of plasma membrane marker enzymes in the lysosomes. Eur. 
J.  Biochem.  170:405-411. 
13. Draye, L-P., J. Quintart, P. J. Courtoy, and P. Baudhuin. 1987. Relations 
between plasma membrane and lysosomal membrane: 1. Fate of cova- 
lenfly labelled plasma membrane protein.  Eur.  J.  Biochem.  170:395- 
403. 
14. Graham, R. C., Jr., and M. J. Karnovsky. 1966. The early stages of absorp- 
tion of injected horseradish peroxidase in the proximal tubules of mouse 
kidney: ultrastructural cytocbemistry by a new technique. J. Histochem. 
Cytochem.  14:291-302. 
15. Haylett, T., and L. Thilo. 1986.  Limited and selective transfer of plasma 
membrane glycoproteins to membrane of secondary lysosomes. J.  Cell 
Biol.  103:1249-1256. 
16. Hubbard, A. L., and Z. A. Cohn. 1975. Externally disposed plasma mem- 
brane proteins. I. Enzymatic iodination of mouse L cells. J.  Cell Biol. 
64:438-460. 
17. Hubbard, A. L., and Z. A. Cohn. 1975. Externally disposed plasma mem- 
brane proteins. II. Metabolic fate of iedinated polypeptides of mouse L 
cells. J.  Cell Biol.  64:461-479. 
18. Deleted  in proof. 
19. Leaback, D. H., and P. G. Walker. 1961. Studies on glucosaminidase. IV. 
The  fluorimetric  assay  of  N-acetyl-[3-glucosaminidase.  Biochem.  J. 
78:151-156. 
20. Lewis,  V.,  S.  A.  Green,  M.  Marsh,  P.  Vihko,  A.  Helenius, and  I. 
Mellman. 1985. Glycoprnteins of the lysosomal membrane. J.  Cell Biol. 
100:1839-1847. 
21. Lippincott-Schwartz, J., and D. M. Fambrough. 1986.  Lysosomal mem- 
brane dynamics: structure and interorganellar movement of a  major 
lysosomal membrane glycoprntein. J.  Cell Biol.  102:1593-1605. 
22. Lowry, O. H., N. J. Rosebrough, A. L. Farr, andR. J. Randall. 1951. Pro- 
tein measurement with the Folin phenol reagent. J.  Biol.  Chem.  193: 
265-275. 
23. Matsuura, S., S. Eto, K. Kato, and Y. Tashirn. 1984. Ferritin immunoelec- 
tron microscopic localization  of 5'-nucleotidase on rat liver cell surface. 
J.  Cell Biol.  99:166-173. 
24. Muller, W. A., R. M. Steinman, and Z. A. Cohn. 1980. The membrane 
proteins of the vacuolar system. II. Bidirectional  flow between secondary 
lysosomes and plasma membrane. J.  Cell Biol.  86:304-314. 
25. Quintart, J., P. J. Courtoy, and P. Baudhuin. 1984. Receptor mediated en- 
docytosis in rat liver: purification and enzymic characterization of low 
density organelles involved in uptake of galactose-exposing proteins. J. 
Cell Biol.  98:877-884. 
26. Reggio, H., D. Bainton, E. Harms, E. Coudrier, and D. Louvard. 1984. 
Antibodies against lysosormfl membranes reveal a  100,000-mol-wt pro- 
tein that cross-reacts with purified  H +, K + ATPase from gastric muco- 
sa. J.  Cell Biol.  99:1511-1526. 
27. Schneider, Y. J., P. Tulkens, C. de Duve, and A. Trouet. 1979. The fate 
of plasma membrane during endocytosis. I.  Uptake and processing of 
anti-plasma membrane and control immunoglobulins by cultured fibro- 
blasts. J.  Cell Biol.  82:449-465. 
28. Schneider, Y. J., P. Tulkens, C. de Duve, and A. Trouet. 1979.  The fate 
of  plasma membrane during endocytosis. II. Evidence for recycling (shut- 
tle) of plasma membrane constituents. J.  Cell Biol.  82:466-474. 
29. Steinman, R. M., S. E. Brodie, and Z. A. Cohn. 1976.  Membrane flow 
during pinocytosis. J.  Cell Biol.  68:665-687. 
30. Steinman, R. M., I.  S. Mellman, W. A. Muller, and Z. A. Cohn. 1983. 
Endocytosis and the recycling of plasma membrane. J.  Cell Biol.  96: 
1-27. 
31. Tran, D., J.-L. Carpentier, F. Sawano, P. Gorden, and L. Orci.  1987. 
Ligands internalized  through coated or noncoated invaginations follow a 
common intraeellular pathway. Proc. Natl.  Acad.  Sci.  USA.  84:7957- 
7961. 
32. Tulkens, P., H. Beaufay, and A. Trouet. 1974. Analytical fractionation of 
homogenates from cultured fibroblasts. J.  Cell Biol.  63:383-401. 
33. Van Deurs, B., and K. Nilansen. 1982. Pinocytosis in mouse L-fibrnblasts: 
ultrastructural evidence for a direct membrane shuttle between the plasma 
membrane and the lysosomal compartment. J.  Cell Biol.  94:279-286. 
34. Weibel, E. R., W. S~ubli, H. R. Gniigi, and F. A. Hess. 1969. Correlated 
morphometric and biochemical studies on the liver cell. I. Morphometric 
model, stereologic methods, and normal morphometric data for rat liver. 
J.  Cell Biol.  42:68-91. 
35. Werb, Z., and Z. A. Cohn. 1972. Plasma membrane synthesis  in the macro- 
phages following phagocytosis of polystyrene latex particles. J.  Biol. 
Chem.  247:2439-2446. 
36. Widnell, C. C., Y.-J. Schneider, B. Pierre, P. Baudhuin, and A. Trouet. 
1982. Evidence for a continual exchange of 5'-nucleotidase between the 
cell surface and cytoplasmic membranes in cultured rat fibroblasts.  Cell. 
28:61-70. 
Draye et al. Plasmalemma-Lysosomes Membrane Exchange  2115 